A full micromagnetic study of the spin-transfer-driven self-oscillations of individual ellipsoidal PyCu nanomagnets as small as 30ϫ 90ϫ 5.5 nm 3 is presented. The magnetic parameters have been computed by fitting static magnetoresistance measurements. The main mode found in the experiments by Sankey et al. ͓Phys. Rev. Lett. 96, 227601 ͑2006͔͒ is analyzed. The full width at half maximum is calculated without taking into account the effect of thermal activation. The full width is found to decrease from 6.5 to 3.3 MHz when increasing the current in the self-oscillation region. These narrow widths are mainly produced by the nonuniformities of the magnetization and since they are computed at zero temperature mark a limit for the spectral purity of the self-oscillations in those nanomagnets. for measuring spin-transfer-driven ferromagnetic resonance ͑FMR͒ in individual ellipsoidal PyCu nanomagnets as small as 30ϫ 90ϫ 5.5 nm 3 . In a former work, 4 the presence of different modes excited by dc in these nanostructures was investigated by our group. The main experimental features of the dc spin-polarized current-driven self-oscillations at 10 K were reproduced by micromagnetic simulations. The dc driven modes were identified and their power spatial distributions were revealed by means of the micromagnetic spectral mapping technique. 5 Furthermore, experimental results on rf-field driven ferromagnetic resonance modes were also analyzed.
In magnetic multilayers, electron transport properties are driven by the relative magnetization orientation; this effect is extensively used in spintronic devices. Slonczewski and Berger 1 predicted that a spin-polarized current ͑SPC͒ in a magnetic multilayer exerts a torque on its magnetic moment which opened important perspectives of potential applications in devices such as magnetic memories, microwave oscillators, or nanometer resonators. 2 In particular, electrical measurements at microwave frequency gave a clear evidence of stable precessional states induced by direct current. More recently, Sankey et al. 3 
demonstrated a technique
for measuring spin-transfer-driven ferromagnetic resonance ͑FMR͒ in individual ellipsoidal PyCu nanomagnets as small as 30ϫ 90ϫ 5.5 nm 3 . In a former work, 4 the presence of different modes excited by dc in these nanostructures was investigated by our group. The main experimental features of the dc spin-polarized current-driven self-oscillations at 10 K were reproduced by micromagnetic simulations. The dc driven modes were identified and their power spatial distributions were revealed by means of the micromagnetic spectral mapping technique. 5 Furthermore, experimental results on rf-field driven ferromagnetic resonance modes were also analyzed.
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In this paper, we focus our attention on the analysis of the full width at half maximum ͑FWHM͒ of the frequency spectra of the dc driven self-oscillations. The physical processes underlying either dc self-oscillations or rf ferromagnetic resonance lead to different contributions to the FWHM [6] [7] [8] [9] so that a detailed analysis can elucidate the nature of such processes. The rigorous micromagnetic simulation of the FWHM is a formidable task because, on one hand, the computational time step has to be small enough to warrant numerical stability ͑32 fs, in our case͒ but, on the other hand, the spectral resolution is inversely proportional to the total simulated time ͑till 2250 ns in our case͒ leading to considerable computer effort. Although detailed data of our full micromagnetic model and the nanostructure analyzed can be found in the references, 4, 5, 10, 11 some guidelines are given here for the shake of paper self-consistency.
The nanopillar under study consists on a 20 nm thick pinned layer ͑PL͒ of Permalloy ͑Py͒, a 12 nm copper spacer, and a free layer ͑FL͒ of 5.5 nm thick of Py 65 Cu 35 alloy. x and y are the in-plane components, whereas the z component is perpendicular to the film direction.
Our own micromagnetic three-dimensional ͑3D͒ dynamic code which takes into account the effect of the SPC ͑Ref. 5͒ has been used to perform the simulations. It includes the Slonczewski ͑S͒ term in the Gilbert equation which gives rise to two terms in the equivalent Landau-Lifshitz-Gilbert ͑LLG͒ equation. 5 The LLGS can be written as follows:
, with polarization factor = 0.3. 1 We consider both the spatial and angular dependences of the polarization function for each computational cell.
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The effective field of the LLGS includes not only all the classical micromagnetic terms but also the magnetostatic coupling between the two magnetic layers and the Ampere classical field from the electrical current. The effect of thermal activation is not considered in this work. The FL is discretized in computational cells of 2.5ϫ 2.5ϫ 5. 
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finite difference scheme is used. The time step used is 32 fs and the current is considered positive for a flow of electrons from the PL toward the FL. 5, 10, 11 The magnetic parameters used for the FL simulations have been obtained by fitting static magnetoresistance measurements. 4 They are the saturation magnetization M S = 27.85ϫ 10 4 A / m and the exchange constant A = 1.0 ϫ 10 −11 J / m. The magnetostatic coupling and the initial states of the ferromagnetic layers have also been computed by means of a 3D simulation of the whole structure. The external field is applied perpendicularly to the plane, whereas the dynamic simulation of the FL is computed in two dimensions using a magnetic damping parameter ␣ = 0.04. No deviations in the magnetic properties have been introduced in our computations.
As stated above, in order to obtain an adequate frequency spectral resolution and, at the same time, remove the transitory behavior of the magnetization, long-time simulations up to 1000 ns have been performed. In this way, removing the first 50 ns of the time domain simulation, a frequency resolution of about 1 MHz is achieved in the FFT performed to obtain the frequency spectrum. The experimental field of Torres et al.
4 ͑420 mT͒ and negative direct currents ranging from −585 to − 705 A ͑using a step of 30 A͒ are applied. Larger currents lead to switching of the magnetization to the antiparallel state. Figure 1 shows the temporal evolution of the y and z components of the magnetization ͑left column͒ together with the frequency spectra ͑right column͒. The sinusoidal behavior of the magnetization is shown in the zoom of 0.5 ns of the magnetization evolution ͑see inset on the left of Fig. 1͒ . The fittings to a symmetrical Lorentzian function are also shown. In the figure, the x axis labels the simulation time range that can be observed.
The fitting ͑red line͒ is performed by using the following Lorentzian function distribution:
where FWHM is the full width, f max is the peak frequency, y 0 and A are constants.
For the greatest applied current of −705 A since the FWHM was about 3.31 MHz, to improve the resolution, we carried out simulations up to 2250 ns, so that, considering in the FFT computation the last 2200 ns, we obtain a resolution of about 450 kHz.
The variation of the power spectrum amplitude, the maximum frequency, and the FWHM with the dc are reported in Figs. 2͑a͒-2͑c͒. As it can be observed in the time domain curves, the increasing of the current gives rise to oscillations where the z component decreases while the y component increases. This means that oscillations tend to be located in the x-y plane of the free layer ͑in-plane oscillation͒ and perpendicular to the static applied field direction ͑z axis͒. This behavior was to expect, due to the increasing strength of the negative current, the SPC torque to try to switch the magnetization to the antiparallel state. Since the magnetization is more in plane, the self-demagnetizing field decreases and the average effective field increases leading to an increase of frequency, as shown in Fig. 2͑b͒ . 4, 5 Regarding the FWHM, the decrease observed in Fig.  2͑c͒ is found experimentally in nanooscillators in the region previous to phase locking 6 and in nanostructures where the field is applied in plane. 7 Although the experimental arrangements of these cases are different to the one under study, 4, 5 in both experiments the decrease of the linewidth occurs together with an increase of the amplitude of the oscillation. This is also what happens here, as can be observed in Fig.  2͑a͒ .
In order to discuss the possible contributions to the FWHM, one has to bear in mind that the present computations have been performed at T = 0 K. In this way, no contributions from thermal fluctuations which displace the moment either along or transverse to the equilibrium trajectory are to be considered like in Ref. 7 . Furthermore, no switching between different dynamical magnetic modes can take place by means of such thermal fluctuations; 7 in fact, the trajectory of the magnetization is clean and describes a clear orbit like it was expected for T = 0 K simulations ͑see Fig. 3͒ .
Although throughout this work we are dealing with the fundamental quasiuniform mode, a detailed inspection of the spectral power spatial distribution of the mode shows that slight nonuniformities are present. This is always the fact in full micromagnetic simulations. These nonuniformities come from the self-demagnetizing field, the magnetostatic coupling from the fixed layer, the classical Ampere field, and the spatial distribution of the scalar polarization function. Of course, all these aspects cannot be considered in single domain models. 8 The uniformity degree ͑UD͒ of the magnetization configuration has been calculated in time domain as
so that UD= 1 for a perfectly uniform magnetization. In Fig.  2͑d͒ , the variation of the UD with the dc is shown. The magnetization spatial distribution becomes more uniform for large currents where the spin torque is the dominant term. The contribution of the nonuniformities to the FWHM is similar to the contribution of the different grains to the FMR linewidth of a polycrystalline material. 12, 13 The varying anisotropy direction in the grains produces slightly different effective fields in each grain. 12, 13 This contribution is found to be proportional to the spread in the distribution of internal fields. 12, 13 In our case, the contribution of the nonuniformities to our FWHM should be proportional to the width of the distribution of such nonuniformities. Although a quantitative calculation has not been carried out at the moment, it can be observed how the increase of the uniformity degree gives a lower FWHM. The increase of the SPC torque brings a more uniform magnetization and then lower FWHM.
In summary, the main contribution of this work is to set a lower limit for the FWHM of dc SPC driven selfoscillations at T = 0 K due to the magnetization nonuniformities. This limit is found in this kind of nanopillars to be around 3.5 MHz ͓see Fig. 2͑c͔͒ . This limit is slightly lower than the FWHMs found in experiments performed at 40 K ͑Ref. 7͒ ͑5.2 MHz͒ as it was expected.
